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A B S T R A C T
In this paper, successful fabrication of highly conductive transparent graphene-doped PEDOT:PSS com-
posite thin ﬁlms is reported for the ﬁrst time, using conventional and substrate vibration-assisted ultrasonic
spray coating (SVASC). To suppress the challenges associated with spraying of the precursor solution con-
taining graphene, graphene sheets were broken by sonication and were uniformly dispersed and stabilized
in PEDOT:PSS aqueous solution using isopropyl alcohol (IPA). The mechanism of dispersion of graphene
in PEDOT:PSS aqueous solution using IPA is elucidated. The maximum electrical conductivity of 298 S.cm−1
was obtained for a graphene-doped PEDOT:PSS thin ﬁlm, which compared to the pristine PEDOT:PSS thin
ﬁlms shows a ten-fold increase, with a transparency comparable to that of the indium tin oxide (ITO)-
coated glass.
BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/).
This is an open access article under the CC© Karabuk University. Publishing services by Elsevier B.V. 20161. Introduction
PEDOT:PSS or (poly(ethylene-3,4-dioxythiophene) : poly
(styrenesulfonicacid)) is a conducting transparent co-polymer widely
used in thin ﬁlm organic optoelectronic and photovoltaic devices,
as the hole transporting layer (HTL) and even as a transparent elec-
trode [1–3]. PEDOT:PSS can be easily processed in solution and
deposited on rough conducting surfaces (i.e. indium tin oxide), as
surface smoothening and protective cover layer. PEDOT is a con-
ductive polymer, whereas PSS is non-conductive and is employed
to improve the dispersion of PEDOT in an aqueous solution.
PEDOT:PSS aqueous solution is a suspension of dispersed micelles
comprised of PEDOT-rich cores or chains, normally surrounded by
PSS-rich coatings or shells [4]. Upon casting and drying, the mi-
celles convert to inter-linked grains or chains of conductive PEDOT
entangled in a continuous PSS matrix [5].
The optoelectronic properties of PEDOT:PSS thin ﬁlms, such as
electrical conductivity and work function, depend on the size, mor-
phology, nanostructure, arrangement and interlocking of PEDOT and
PSS segments. The nanostructure of PEDOT:PSS may be engi-
neered by chemical methods, such as solvent treatment and inclusion* Corresponding author. Tel.: +86 21 3420 7249, fax: +86 21 3420 6525.
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(M. Eslamian).
Peer review under responsibility of Karabuk University.
http://dx.doi.org/10.1016/j.jestch.2016.02.003
2215-0986/ Karabuk University. Publishing services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.o
2016of salts and acids [5–12], by physical methods, such as heat treat-
ment [12,13], by doping with conductive nanomaterials such as
carbon nanotubes (CNT) and graphene ([14–25]), and by mechan-
ical methods through controlling the casting process, such as by
imposing ultrasonic vibration on the substrate to reﬁne the ﬁlm
structure [26–29].
Conductivity enhancement by solvent treatment is due to induc-
tion of excess ionic charges in the polymeric chains [12]. Treating the
PEDOTT:PSS thin ﬁlm with neutral hybrids, such as zwitterions, is
another approach to enhance the ﬁlm conductivity [8]. Zwitterions
are able to release either positive or negative charges, depending on
the surroundingmedia. These additional charges are imposed between
PEDOT and PSS and increase the conductivity. Addition of typical ionic
salts to PEDOT:PSS, such as CuBr2, InI3, and CuCl2, or highly polar
organic solvents, such as dimethyl sulfoxide (DMSO) or ethylene glycol
(EG), to the precursor solution can also improve the conductivity. Ionic
dissociation in aqueous media results in fragmentation of PSS chains
and the release of PEDOT segments, increasing the density of elec-
trical charges in the solution and consequently in the solid ﬁlm [10].
We have recently investigated the addition of a long-chain tertiary
amine, ([(C18H37)N(CH2CH2O)nH(CH2CH2O)mH, (n + m = 15)], abbre-
viated as PEGO, to PEDOT:PSS aqueous solution, where an
improvement in conductivity, transmittance, and wettability was
achieved [5]. Addition of PEGO to PEDOT:PSS results in positive phase
separation in PEDOT:PSS ﬁlm, which facilitates the formation of 3D
conducting networks of PEDOT chains, resulting in conductivity
enhancement.rg/licenses/by-nc-nd/4.0/).
Solvent and heat treatment processes are successful, but usually
expensive, complex and environmentally unfavored. The present
work is, therefore, focused on improving the nanostructure and con-
ductivity of PEDOT:PSS thin ﬁlms by graphene doping, where the
graphene contains a small percentage of oxygen. The ﬁlms are fab-
ricated by spray coating and substrate vibration-assisted spray
coating (SVASC) processes, in a single-step, fast, and scalable process.
Graphene is highly conductive, where its conductivity is deter-
mined by its lattice structure and orientation, the number of stacked
carbon sheets, as well as the oxygen content, given that commer-
cial graphene usually contains a small percentage of oxygen. As the
most outstanding feature, the energy level of graphene-doped
PEDOT: PSS ﬁlms may be tuned, making them suitable for photo-
voltaic applications. Also, doping organic thin ﬁlms by graphene and
carbon nanotubes (CNTs) results in an improvement in the ﬁlm sta-
bility, owing to the low chemical activity of such carbon-based
inorganic materials. Beside superior optoelectronic properties, CNT-
and graphene- doped PEDOT:PSS thin ﬁlms have superior mechan-
ical properties, including the wear resistance and hardness [16].
In the following, reported results on the fabrication of graphene-
doped PEDOT:PSS thin ﬁlms are discussed. Yoo et al. [14] introduced
PEDOT into a graphene/PSS aqueous solution allowing the resul-
tant solution to undergo in situ polymerization. The resultant
polymeric solution was then spun and annealed to make function-
al composite thin ﬁlms, subsequently used in a dye-synthesized solar
cell, where 21% of enhancement in the device power conversion ef-
ﬁciency was achieved compared to the cell made using un-doped
PEDOT:PSS thin ﬁlm. In another study, PEDOT:PSS was spin casted
using graphene and graphene quantum dots as dopants [19], where
a signiﬁcant improvement in conductivity was observed at the
expense of slight reduction in transparency. Lin et al. [17] fabri-
cated a polymer light emitting diode using graphene-doped
PEDOT:PSS. Graphene oxide was ﬁrst synthesized and then mixed
with PEDOT:PSS solution, followed by a thermal reduction process
to reduce the graphene oxide to graphene.With increasing graphene
concentration, the conductivity of the hole-injection PEDOT:PSS layer
monotonically increased. Hong et al. [15] fabricated graphene-
doped PEDOT:PSS thin ﬁlms with light transmission of 80% and a
high electro-catalytic activity. The energy conversion eﬃciency of
the dye-synthesized solar cell made by this composite ﬁlm reached
4.5%.
In all of the above mentioned works, spin coating was used as
the fabrication method, which is a batch process and lab scale
method. Sustainable development of the organic solar cell tech-
nology entails the application of scalable techniques, such as spray
coating for fast, roll-to-roll, and low-cost fabrications of such solution-
processed layers [30]. To the best of our knowledge, there is no report
on the fabrication of spray-on PEDOT:PSS ﬁlms dopedwith graphene
(and CNTs). This is perhaps due to the diﬃculty of spraying such
particulates dispersed in PEDOT:PSS solution. In this work, there-
fore, we report successful fabrication of PEDOT:PSS composite ﬁlms
by spray coating and a modiﬁed version of spray coating, i.e., ul-
trasonic substrate vibration-assisted spray coating (SVASC) [26–29].
Imposing controlled ultrasonic vibration on the substrate can po-
tentially improve the uniformity, nanostructure and conductivity
of PEDOT:PSS ﬁlms [31].
2. Experimental procedure
2.1. Material preparation and methods
Pristine PEDOT:PSS aqueous solution, consisting of 1.3 wt.% of
commercial PEDOT:PSS (0.5% PEDOT:0.8% PSS) dispersed in water
with a solution conductivity of 1 S.cm−1, was purchased from Sigma-
Aldrich, USA. Graphene pellets composed of 7–10 layers of sheets
(thickness = 4–7 nm; average sheet diameter = 50 μm), a purity of
98%, oxygen content of 1% (with no other functional groups), and
electrical conductivity of 105 S.cm−1 were purchased from Hengqiu
Graphene Technology Suzhou Co., Ltd. Shanghai, China. Analytical
grade IPAwith purity of 99.7%was purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd, Shanghai, China.
Unlike Hong et al. [15] and Du et al. [32] who mixed graphene
and PEDOT:PSS aqueous solution with the aid of surfactants or ad-
ditives, in this study graphene was dispersed in IPA forming stable
suspension without having to use surfactants [33]. To prepare a sus-
pension of graphene in IPA, 1 g of graphene was added to 10 mL
of IPA, sonicated for two hours to break the large graphene sheets.
The resulting mixture was then ﬁltered using a 0.45 μm PTFE ﬁlter.
The achieved ﬁltrate had black color after 48 hrs. Mass ratio of
graphene in IPA in the ﬁltrate solution was simply calculated to be
4.2% by measuring the weight difference between equal volumes
of pure IPA and the ﬁltrate solutions. The graphene/IPA mixture was
then added to pristine PEDOT:PSS aqueous solution with a volume
ratio of 1:2, respectively, and was stirred for three hours. There-
fore, given that the concentration of the pristine PEDOT:PSS aqueous
solution is 1.3 wt.%, it is deduced that the concentration of graphene
and PEDOT:PSS solid contents in water and IPA solvents is about
2.27 wt.%.
Substrates (bare glass; 25 mm × 25mm × 2.5 mm) were washed
by detergent and deionized water in an ultrasonic bath, dried in a
vacuum furnace and cleaned in an ultraviolet cleaner. Spray pyrolysis/
coating equipment (Holmarc Opto-Mechatronics Pvt. Ltd., Model HO-
TH-04, India) was used to prepare spray-on thin ﬁlms. The machine
uses an ultrasonic nozzle that generates droplets with the average
size of 50 μm at the nozzle exit, with a nozzle ultrasonic vibration
frequency of 40 kHz. The ultrasonically atomized droplets are carried
smoothly to the substrate by carrier air at a moderate pressure of
0.3 MPa to avoid droplet scattering in the air and splashing on the
substrate. A 2D traveling arm connected to the ultrasonic nozzle head
controls the direction and velocity of the nozzle tip. The lateral nozzle
velocity (50mm/s in this study), the range of nozzle movement, the
PEDOT:PSS solution ﬂow rate (5 ml/min in this study), and the
number of consecutive spray passes (6 spray passes in this work)
were controlled and monitored by the spray coater software. The
vertical distance between the nozzle tip and the substrate was set
at 30mm. An ultrasonic transducer (40 kHz) installed inside the top
side of a metal box was used as the substrate holder to impose ul-
trasonic vibration on the glass substrates in selected experiments.
The power of the ultrasonic transducer was controlled by a signal
generator (Clangsonic, SONOCLGMS600, China). In order to control
the substrate temperature during the spraying process, the ultra-
sonic transducers were kept in a water bath at 80 °C. As-sprayed
thin ﬁlms were annealed in a vacuum furnace at 80 °C for 30 min.
All samples were made at least in triplicate. Fig. 1 shows pictures
of the spray coater and the ultrasonic transducer box used to impose
vibration on selected samples.
2.2. Analysis and characterization
Topography images and thickness values were obtained using
a confocal laser scanning microscope (CLSM, model LMS700, Zeiss,
Germany) using optical and laser modes. The CLSM laser images at
a ﬁeld of view of 400 μm × 600 μm were used for thickness mea-
surement. The details of the ﬁlm thicknessmeasurement using CLSM
can be found in Wang et al. [5] and Wang and Eslamian, [31]. It is
noted that the surface of the spray-on ﬁlms is usually rough com-
pared to the surface of spin-on ﬁlms [34]. Therefore, the reported
thickness of spray-on ﬁlms here is the average of 20 measure-
ments performed at various spots of the ﬁlm surface. The optical
images of CLSM at 20× magniﬁcation and ﬁeld of view of
700 μm × 500 μm were used to provide the surface topography of
thin ﬁlms. High resolution and magniﬁcation images were
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obtained using atomic force microscopy (AFM, model Dimension
3100, Veeco Instruments Inc., USA). Using AFM images, the rootmean
square (RMS) local surface roughness of samples was obtained. Elec-
trical conductivity measurements were performed by linear 4-point
probe technique along several 6 mm long lines on the thin ﬁlm
surface, and the average value is reported. The UV-Vis transmis-
sion spectra of the prepared thin ﬁlms were obtained using a UV-
spectrophotometer (LAMBDA 650 UV/Vis Spectrophotometer,
PerkinElmer, USA). X-ray diffraction (XRD) crystallography pat-
terns of the thin ﬁlms were obtained using an XRD analyzer (D8-
FABLINE, Buker, USA). The size distribution of the suspended
graphene particles dispersed in IPA was measured using a particle
size analyzer (Coulter LS 130, Beckman Coulter Ltd., USA). Fourier
transform infrared (FTIR, Thermo Scientiﬁc, Nicolet-50 FT-IR Spec-
trometer, USA) spectroscopy was performed to track the graphene
in the precursor solution.
3. Results and discussion
It was visually found that graphene is dispersed in IPA, more ef-
fectively than in water and dimethylformamide (DMF), making a
dark uniform suspension (Fig. 2a). Fig. 1b shows the graphene par-
ticle size distribution in IPA, after ﬁltration. The state of distribution
of graphene in IPA after ﬁltration was investigated by making a thin
solid ﬁlm by drop casting of graphene/IPA mixture, and character-
izing the resulting ﬁlm by confocal laser scanningmicroscope (CLSM)
and atomic force microscope (AFM) (Fig. 2c and d). It is noticed that
some of the graphene particulates are larger than the size of the
ﬁlter used (0.45 μm PTFE), indicating some degree of particulate ag-
glomeration due to the presence of the electrostatic forces.
(a)
(b)
Fig. 1. Spray coating experimental setup: (a) spray coating machine including the
hot plate, spray nozzle, and the data acquisition system; (b) ultrasonic vibration trans-
ducer box (left), and the signal generator (right).
(a) (b)
(c) (d)
300 μm
WaterIPADMF
Fig. 2. (a) Picture of graphene powder dispersed in various solvents; (b) particle size distribution of graphene after ﬁlteraton using 0.45 μm ﬁlter; (c) and (d) laser micro-
scope and AFM height images of the ﬁlms casted from dispersion of graphene in IPA. The AFM image is 10 μm × 10 μm.
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Table 1 lists 5 experimental runs performed in this work and sum-
marizes the results of the ﬁlm thickness, roughness and conductivity
of doped and un-doped PEDOT:PSS thin ﬁlms, fabricated at various
powers and frequencies of substrate vibration. The results shown
in Table 1 will be interpreted in conjunction with the ﬁlm topog-
raphy images shown in Figs. 3 and 4. In Fig. 3, the effect of the
addition of IPA and graphene on the morphology of the PEDOT:PSS
ﬁlms made using conventional spray coating (no substrate vibra-
tion imposed) is investigated. The AFM images focus on a small area
of the ﬁlm, while the optical images cover a much larger ﬁeld of
view. Given that the size of each impinging spray droplet is usually
large (tens of microns), optical images can provide insight into the
overall quality of the spray-on ﬁlms. According to Table 1, addi-
tion of IPA to PEDOT:PSS solution results in an increase in
conductivity; however the ﬁlm becomes less uniform and surface
defects increase, as substantiated by a considerable increase in
surface roughness when IPA is added (Runs 1 and 2 of Table 1). In
our previous work, treatment of PEDOT:PSS solution by low-
surface tension IPA was recognized to be beneﬁcial to liquid
spreading andwetting [28]. On the other hand, the detrimental effect
of IPA inclusion on the ﬁlm quality observed here is attributed to
a decrease in the precursor solution concentration. A decrease in
solution concentration results in an increase in the ﬁlm rough-
ness, as observed before [34]. The increase in conductivity as a result
of addition of IPA to the PEDOT:PSS solutionmay be due to the excess
charges created by the organic solvent. Addition of highly conduc-
tive graphene dopants into PEDOT:PSS + IPA causes further
enhancement in conductivity (Run 3 of Table 1) and an improve-
ment in the ﬁlm intactness and mechanical strength (Fig. 3). The
dispersed graphene sheets can act as a bridge or interlinking lattice
in the thin ﬁlm, improving the surface and inner structure of the
ﬁlm. As Table 1 demonstrates, the introduction of graphene to pris-
tine PEDOT:PSS causes a 10 fold increase in the ﬁlm conductivity.
This is owing to the signiﬁcantly high conductivity of graphene.
Table 1 also demonstrates a noticeable increase in the roughness
of graphene-doped PEDOT:PSS ﬁlm, compared to un-doped
PEDOT:PSS ﬁlm, which is attributed to the existence of relatively
large agglomerated dopant particulates that may protrude from the
surface. Although the dopants are mixed within the mixture and
tend to settle during the ﬁlm formation process, still some particu-
lates are expected to be on the ﬁlm surface contributing to an
increase in the ﬁlm roughness.
As outlined in the introduction, we have developed and tested
a modiﬁed version of spray coating process, in which controlled and
low power ultrasonic vibration is imposed on the substrate to
improve the ﬁlm uniformity and nanostructure. The method was
found quite successful when applied to pristine PEDOT:PSS solu-
tion, where a signiﬁcant increase in the ﬁlm conductivity and
uniformity was achieved. However, a high power ultrasonic vibra-
tion was found to adversely affect the quality and intactness of the
resulting solid ﬁlm [28]. Our recent unpublished theoretical and ex-
perimental results show that the imposed vibration improves the
precursor mixing and drying and evaporation rate, but vertical vi-
bration has always a destabilizing effect, while lateral vibration tends
to improve the ﬁlm stability. Here, simultaneous vertical and lateral
ultrasonic vibration is applied on composite PEDOT:PSS ﬁlms, in an
attempt to suppress the agglomeration of dopant particles and to
increase the conductivity further and to improve the ﬁlm unifor-
mity and nanostructure. The experimental conditions and ﬁlm
characteristics are listed in Table 1 and the ﬁlm surface topogra-
phy is shown in Fig. 4. The results of Table 1 and Fig. 4 substantiate
that the application of low power vibration of 5 W at a frequency
of 40 kHz enhances the electrical conductivity of graphene-doped
PEDOT:PSS thin ﬁlms (Run 4), compared with the ﬁlmmade by con-
ventional spray coating (Run 3). The ﬁlm roughness also decreases
substantially as a result of the imposed vibration. It should be noted
Table 1
Experimental runs and the measured ﬁlm thickness (η), roughness (ε) and electri-
cal conductivity (σ) of spray-on PEDOT:PSS thin ﬁlms made at the presence of IPA,
except for Run 1, which is made using pristine PEDOT:PSS solution. G = graphene.
Run Dopant P (w) f (kHz) η (nm) ε (nm) σ (S·cm−1)
1a – – – 390 3.3 24.1
2 – – – 410 5.5 29.3
3 G – – 280 7.7 284.3
4 G 5 40 200 5.1 298.1
5 G 10 40 230 8.5 106.9
a In Run 1, IPA was not used (pristine PEDOT:PSS).
(a) Run 1 (b) Run 2 (c) Run 3
350 μm
Fig. 3. Optical images (upper row) and AFM height images (lower row) showing the effect of IPA and graphene addition to pristine PEDOT:PSS solution on topography of
PEDOT:PSS ﬁlms made using conventional spray coating (no substrate vibration imposed). Films deposited from (a) pristine aqueous solution, (b) IPA added to the pristine
solution, and (c) graphene and IPA added to the pristine solution. The ﬁeld of view of the optical images is 700 μm × 500 μm. Note that the black dots are PEDOT:PSS im-
purities, and not graphene particles.
F. Soltani-kordshuli et al./Engineering Science and Technology, an International Journal 19 (2016) 1216−1223 1219
that the improvement in conductivity and uniformity is possibly due
to the uniform distribution of graphene as a result of proper imposed
substrate vibration. Increasing the vibration power from 5 to 10W
deteriorates the quality and conductivity of graphene-doped
PEDOT:PSS thin ﬁlm, similar to what observed before for pristine
PEDOT:PSS thin ﬁlms [28]. The optical images show the traces of
the ﬁlm rupture and dewetting.
Fig. 5 shows the XRD patterns of pristine, IPA-treated, graphene-
doped PEDOT:PSS ﬁlms, and pure graphene. The low intensity peak
of pristine PEDOT:PSS at 23° is commonly observed in the pattern
of all PEDOT:PSS ﬁlms [12,15]. The peak of the un-doped IPA-
treated PEDOT:PSS is almost identical and overlapped with that of
the pristine PEDOT:PSS ﬁlm. For graphene-PEDOT:PSS thin ﬁlm, a
sharp peak at 26° superimposed on PEDOT:PSS pattern clearly shows
the dispersion of graphene through the PEDOT:PSSmatrix, and clari-
ﬁes the remarkable effect of graphene on the conductivity of
PEDOT:PSS ﬁlm.
Fig. 6 compares the UV-Vis transmission or transparency of un-
doped and doped- PEDOT:PSS thin ﬁlms compared with that of the
ITO-coated glass used as a standard transparent electrode in emerg-
ing solar cells. Except for the graphene-doped PEDOT:PSS ﬁlmmade
by conventional spray coating, which shows a reduced transpar-
ency, all other ﬁlms including graphene-doped PEDOT:PSS made by
substrate vibration-assisted spray coating (SVASC) show a
(a) Run 4 (P = 5 W) (b) Run 5 (P = 10 W)
140 μm
Fig. 4. Optical (upper row) and AFM (lower row) topography images of spray-on graphene-doped PEDOT:PSS thin ﬁlms fabricated at two vibration powers imposed on the
substrate. The ﬁeld of view of the optical images is 700 μm × 500 μm.
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transparency comparable to that of ITO. The trend of variation of
transmission behavior of PEDOT:PSS ﬁlms is consistent with those
reported by others [35]. The different transmission levels result from
different ﬁlm structures, thicknesses and compositions. The supe-
rior transmission behavior of graphene-PEDOT:PSS ﬁlm made by
SVASC compared to that made by conventional spray coating is
therefore attributed to lower thickness and better uniformity and
distribution of graphene in the ﬁlm, induced by the substrate
vibration.
In the method described in section 2 for the preparation of
graphene dispersion in IPA, IPA acts as a multi-functional organic
medium allowing stable dispersion of graphene in IPA. Due to un-
saturated carbon groups and oxygens on graphene surface, graphene
can be dispersed in organic solvents better than in water [33].
Besides, full miscibility of IPA in water promotes uniformity of the
precursor solution. Fig. 7 presents a proposed schematic, illustrat-
ing the mechanism of dispersion of graphene in IPA and PEDOT:PSS
solution, bearing in mind that the graphene used in this work con-
tains a small percentage of oxygen (1%). As a result of the long term
blending and interaction of graphene with IPA, the —H groups of
IPA are attracted to oxygens on the graphene (oxide) surface. The
unsaturated carbons at the edges of the broken graphene sheets are
also able to bond with the —OH groups in IPA. After mixing with
PEDOT:PSS aqueous solution, these —OH groups form hydrogen
bonds with sulfurs on the hydrophilic side of PEDOT:PSS, i.e., PSS.
In other words, PSS acts as the linking agent in the precursor so-
lution. These intermolecular bonds facilitate the dispersion and
suspension of graphene within the solution and contribute to en-
hanced conductivity of graphene-doped PEDOT:PSS. To further
support the aforementioned argument, Fig. 8 shows the FTIR peaks
of pristine PEDOT:PSS, IPA/graphene, and IPA/graphene/PEDOT:PSS
solutions. The spikes at 1301, 1164 and 1384 cm−1 represent the C—O
stretches, attributed to the C—O. . ..H bonds formed by interaction
between graphene surface and —OH group in IPA or water. The
1467 cm−1 and the strong spike at 1642 cm−1 are the signature of
C=C bond stretches in PSS and also stretching of —OH groups con-
nected to the unsaturated C— groups at the edge of the fractionated
graphene sheets. The spike at 1642 cm−1 may be due to the highly
polar C=O (carboxyl) groups formed on the edge of graphene sheets,
relocated by stretching from —OH groups in water or IPA. The spike
at 2216 cm−1 shows C—O or C—O2 stretches involved in —OH of hy-
drogen bonding between unsaturated C—O— groups and —H of both
organic and inorganic solvents [36–38]. This interactions are re-
sponsible for full and stable dispersion of graphene in IPA and
consequently in PEDOT:PSS solution.
It is noteworthy that spray coating is a stochastic and transient
process in nature [30]. Therefore, some of the ﬁlm characteristics
may not be 100% reproducible. From a nanoscale point of view, all
samples even produced at identical conditions will have different
morphology. For instance, local thickness at a particular spot of the
substrate cannot be reproducible by castingmethods. However, from
a macroscopic point of view, considering average properties of the
ﬁlm, the stochastic nature of the spray can be tolerated. For in-
Graphene (oxide) sheet
PEDOT
PSS
Fig. 7. Proposed chemical interactions between various groups in graphene /IPA/PEDOT:PSS/water mixture resulting in an increase in conducivity of graphene-doped PEDOT:PSS
and uniform dispersion of graphene in the PEDOT:PSS matrix. The graphene sheets used in this study contain 1% oxygen.
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stance, the electrical conductivity of the spray-on ﬁlms averaged
over several lines across the ﬁlm was found consistent.
In this work, we also attempted to fabricate CNT-doped
PEDOT:PSS thin ﬁlms by spray coating. However, the analyses per-
formed on ﬁltered solutions and thin ﬁlms revealed that unlike
graphene sheets which were broken into small sheets suitable for
spraying, CNTs did not break into short-length tubes during the soni-
cation process, and therefore, almost the entire CNT content was
removed during the ﬁltration process. This is attributed to high me-
chanical strength of the CNTs. Using a precursor containing large
particulates may result in unsteady operation of the spray nozzle,
or the particulates may segregate and clog the nozzle.
4. Conclusions
Highly conductive and transparent composite graphene-doped
PEDOT:PSS thin ﬁlms were fabricated by substrate vibration-
assisted spray coating (SVASC). Up to twelve-fold increase in the
conductivity of graphene-doped PEDOT:PSS thin ﬁlmmade by SVASC
was achieved, compared to the pristine PEDOT:PSS thin ﬁlm made
by the conventional spray coating. Dispersion of graphene in
PEDOT:PSS solution was achieved by pre-dispersion of graphene in
an organic solvent (IPA). This approach eliminated the need for using
surfactants, toxic solvents and heat treatment. Deposition of
PEDOT:PSS thin ﬁlm by conventional spray coating resulted in non-
uniform and less transparent graphene-doped PEDOT:PSS thin ﬁlms.
Using SVASC at optimum vibration power (P = 5W and f = 40 kHz)
resulted in the formation of the most conductive, transparent and
uniform graphene-doped PEDOT:PSS thin ﬁlm. This is because im-
posing a well-controlled ultrasonic vibration on the substrate can
improve wettability, spreading and merging of sprayed droplets as
well as effective dispersion and distribution of graphene sheets in
the liquid ﬁlm. This also prevents graphene aggregation and seg-
regation during ﬁlm drying and curing. The fabrication of highly
conductive graphene-doped PEDOT:PSS using scalable SVASC opens
windows of opportunity for the application of composite polymer-
ic conductive ﬁlms in polymer and perovskite solar cells in large
scale.
Acknowledgements
The research funds from the Shanghai Municipal Education Com-
mission in the framework of Oriental Scholar program, and National
Natural Science Foundation of China (NSFC) is acknowledged. The
authors wish to thank Amin Rahimzadeh for helping with perform-
ing the experiments and analysis of the data concerning imposed
substrate vibration.
References
[1] S. Razza, F. Di Giacomo, F. Matteocci, L. Cina, A.L. Palma, S. Casaluci, et al.,
Perovskite solar cells and large area modules (100 cm2) based on an air
ﬂow-assisted PbI2 blade coating deposition process, J. Power Sources 277 (2015)
286–291.
[2] Q. Wang, Y. Xie, F. Soltani-Kordshuli, M. Eslamian, Progress in emerging solution
processed thin ﬁlm solar cells- Part I: polymer solar cells, Renew. Sustain. Energy
Rev. 56 (2015) 347–361.
[3] S.K. Hau, H.-L. Yip, J. Zou, A.K.-Y. Jen, Indium tin oxide-free semi-transparent
inverted polymer solar cells using conducting polymer as both bottom and top
electrodes, Org. Electron. 10 (2009) 1401–1407.
[4] F. Zabihi, Y. Xie, S. Gao, M. Eslamian, Morphology, conductivity, and wetting
characteristics of PEDOT:PSS thin ﬁlms deposited by spin and spray coating,
Appl. Surf. Sci. 338 (2015) 163–177.
[5] Q. Wang, M.R. Ahmadian-Yazdi, M. Eslamian, Investigation of morphology and
physical properties of modiﬁed PEDOT: PSS ﬁlms made via in-situ grafting
method, Synth. Met. 209 (2015) 521–527.
[6] O.P. Dimitriev, D.A. Grinko, Y.V. Noskov, N.A. Ogurtsov, A.A. Pud, PEDOT:PSS
ﬁlms-Effect of organic solvent additives and annealing on the ﬁlm conductivity,
Synth. Met. 159 (2009) 2237–2239.
[7] J.Y. Kim, J.H. Jung, D.E. Lee, J. Joo, Enhancement of electrical conductivity of
poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) by a change of
solvents, Synth. Met. 126 (2002) 311–316.
[8] X. Yijie, Z. Hongmei, O. Jianyong, Highly conductive PEDOT:PSS ﬁlms prepared
through a treatment with zwitterions and their application in polymer
photovoltaic cells, J. Mater. Chem. 20 (2010) 9740–9747.
[9] Y. Xia, J. Ouyang, Signiﬁcant conductivity enhancement of conductive poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) ﬁlms through a treatment with
organic carboxylic acids and inorganic acids, ACS Appl. Mater. Interfaces 2 (2010)
474–483.
[10] Z. Zhao, Q. Wu, F. Xia, X. Chen, Y. Liu, W. Zhang, et al., Improving the conductivity
of PEDOT:PSS hole transport layer in polymer solar cells via copper (II) bromide
salt doping, ACS Appl. Mater. Interfaces 7 (2015) 1439–1448.
[11] S.K.M. Jonsson, J. Birgerson, X. Crispin, G. Greczynski, W. Osikowicz, A.W.D.
van der Gon, et al., The effects of solvents on the morphology and sheet
resistance in poly (3,4-ethylenedioxythiophene)-polystyrenesulfonic acid
(PEDOT-PSS) ﬁlms, Synth. Met. 139 (2003) 1–10.
[12] J.S. Yeo, J.M. Yun, D.Y. Kim, S. Park, S.S. Kim, M.H. Yoon, et al., Signiﬁcant
vertical phase separation in solvent-vapor-annealed poly(3,4-
ethylenedioxythiophene):Poly(styrene sulfonate) composite ﬁlms leading to
better conductivity and work function for high-performance indium tin
oxide-free optoelectronics, ACS Appl. Mater. Interfaces 4 (2012) 2551–2560.
[13] B. Friedel, T.J.K. Brenner, C.R. McNeill, U. Steiner, N.C. Greenham, Inﬂuence of
solution heating on the properties of PEDOT:PSS colloidal solutions and impact
on the device performance of polymer solar cells, Org. Electron. 12 (2011)
1736–1745.
[14] D. Yoo, J. Kim, J.H. Kim, Direct synthesis of highly conductive poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)/graphene
composites and their applications in energy harvesting systems, Nano Res. 7
(2014) 717–730.
[15] W. Hong, Y. Xu, G. Lu, C. Li, G. Shi, Transparent graphene/PEDOT-PSS composite
ﬁlms as counter electrodes of dye-sensitized solar cells, Electrochem. Commun.
10 (2008) 1555–1558.
[16] L.K.H. Trang, T. Thanh Tung, T. Young Kim, W.S. Yang, H. Kim, K.S. Suh,
Preparation and characterization of graphene composites with conducting
polymers, Polym. Int. 61 (2012) 93–98.
[17] C.H. Lin, K.T. Chen, J.R. Ho, J.W.J. Cheng, R.C.C. Tsiang, PEDOT:PSS/graphene
nanocomposite hole-injection layer in polymer light-emitting diodes, Journal
of Nanotechnology (2012) Article ID 942629, doi:10.1155/2012/942629.
[18] S. Park, M. Vosguerichian, Z. Bao, A review of fabrication and applications of
carbon nanotube ﬁlm-based ﬂexible electronics, Nanoscale 5 (2013) 1727–
1752.
[19] D.P. Kepic, Z.M. Markovic, S.P. Jovanovic, D.B. Perusko, M.D. Budimir, I.D.
Holclajtner-Antunovic, et al., Preparation of PEDOT:PSS thin ﬁlms doped with
graphene and graphene quantum dots, Synth. Met. 198 (2014) 150–154.
[20] H. Song, C. Liu, J. Xu, Q. Jiang, H. Shi, Fabrication of a layered nanostructure
PEDOT:PSS/SWCNTs composite and its thermoelectric performance, RSC Adv.
3 (2013) 22065–22071.
[21] J. Park, A. Lee, Y. Yim, E. Han, Electrical and thermal properties of PEDOT:PSS
ﬁlms doped with carbon nanotubes, Synth. Met. 161 (2011) 523–527.
[22] N.-R. Shin, S.-H. Choi, J.-Y. Kim, Highly conductive PEDOT:PSS electrode ﬁlms
hybridized with gold-nanoparticle-doped-carbon nanotubes, Synth. Met. 192
(2014) 23–28.
[23] M.M. Stylianakis, E. Kymakis, Eﬃciency enhancement of organic photovoltaics
by addition of carbon nanotubes into both active and hole transport layer, Appl.
Phys. Lett. 100 (2012) 093301.
[24] M. Samal, N. Barange, D.-H. Ko, K. Yun, Graphene quantum rings doped
PEDOT:PSS based composite layer for eﬃcient performance of optoelectronic
devices, J. Phys. Chem. C Nanomater. Interfaces 119 (2015) 19619–19627.
[25] P.-Y. Chen, C.-T. Li, C.-P. Lee, R. Vittal, K.-C. Ho, PEDOT-decorated nitrogen-doped
graphene as the transparent composite ﬁlm for the counter electrode of a
dye-sensitized solar cell, Nano Energy 12 (2015) 374–385.
[26] F. Zabihi, M. Eslamian, Characteristics of thin ﬁlms fabricated by spray coating
on rough and permeable paper substrates, J. Coat. Technol. Res. 12 (2015)
489–503.
[27] F. Zabihi, M. Eslamian, Substrate vibration-assisted spray coating (SVASC):
signiﬁcant improvement in nano-structure, uniformity, and conductivity of
PEDOT: PSS thin ﬁlms for organic solar cells, J. Coat. Technol. Res. 12 (2015)
711–719.
[28] M. Habibi, M. Eslamian, F. Soltani-Kordshuli, F. Zabihi, Controlled wetting/
dewetting through substrate vibration-assisted spray coating (SVASC), J. Coat.
Technol. Res. 13 (2016) 211–225.
[29] M. Eslamian, F. Zabihi, Ultrasonic substrate vibration-assisted drop casting
(SVADC) for the fabrication of solar cell arrays and thin ﬁlm devices, Nanoscale
Res. Lett. 10 (2015) 462.
[30] M. Eslamian, Spray-on thin ﬁlm PV solar cells: advances, potentials and
challenges, Coatings 4 (2014) 60–84.
[31] Q. Wang, M. Eslamian, Improving uniformity and nanostructure of solution-
processed thin ﬁlms using ultrasonic substrate vibration post treatment (SVPT),
Ultrasonics 67 (2016) 55–64.
[32] J. Du, S. Pei, L. Ma, H.M. Cheng, 25th anniversary article: carbon nanotube- and
graphene-based transparent conductive ﬁlms for optoelectronic devices, Adv.
Mater. 26 (2014) 1958–1991.
[33] D. Konios, M.M. Stylianakis, E. Stratakis, E. Kymakis, Dispersion behaviour of
graphene oxide and reduced graphene oxide, J. Colloid Interface Sci. 430 (2014)
108–112.
F. Soltani-kordshuli et al./Engineering Science and Technology, an International Journal –19 (2016) 1216 12231222
[34] Y. Xie, S. Gao, M. Eslamian, Fundamental study on the effect of spray parameters
on characteristics of P3HT:PCBM active layers made by spray coating, Coatings
5 (2015) 488–510.
[35] Z.A. Rahman, K. Sulaiman, A. Shuhaimi, M. Rusop, PEDOT:PSS thin ﬁlm as
transparent electrode in ITO-free organic solar cell, in: Solid State Science
and Technology, vol. 501, ﬁrst ed., Trans Tech Publications, Switzerland,
2012.
[36] M. Acik, G. Lee, C. Mattevi, A. Pirkle, R.M. Wallace, M. Chhowalla, et al., The role
of oxygen during thermal reduction of graphene oxide studied by infrared
absorption spectroscopy, J. Phys. Chem. C Nanomater. Interfaces 115 (2011)
19761–19781.
[37] W. Yang, Y. Zhao, X. He, Y. Chen, J. Xu, S. Li, et al., Flexible conducting polymer/
reduced graphene oxide ﬁlms: synthesis, characterization, and electrochemical
performance, Nanoscale Res. Lett. 10 (2015) 222.
[38] Y.-J. Oh, J.-J. Yoo, Y. Kim, J.-K. Yoon, H.-N. Yoon, J.-H. Kim, et al., Oxygen functional
groups and electrochemical capacitive behavior of incompletely reduced
graphene oxides as a thin-ﬁlm electrode of supercapacitor, Electrochim. Acta
116 (2014) 118–128.
F. Soltani-kordshuli et al./Engineering Science and Technology, an International Journal – 122319 (2016) 1216 1223
